ABSTRACT: Two world ocean data sets, GEOSECS and NODC, were analyzed for patterns in the nitrate versus silicic acid regression relation. Significant regional nitrate or silicic acid excesses (i.e. amount of one of these plant nutrients remaining in the water after the other is no longer measurable) tend to occur in some areas of upwelling, shallow sills, deep convection or high rainfall/river outflow. The Southern Ocean is unique in the intensity and complexity of projected (regression intercepts on the nitrate [y] or silicic acid [X] axis) excesses. These global nutrient depletion patterns pertain to regional comparisons of phytoplankton succession and thus to the overall character of plankton community structure. Intercept patterns in different areas are affected by the processes that determine absolute nutrient concentrations at the beginning, and their relative decline during, the growth season. The region south of the southern Polar Front is unlque because winter nutrient concentrations are unusually high around Antarctica due to water mass characteristics and because nutrients generally remain unusually abundant over the growth season partly in response to the cycle of incident solar radiation. The patterns in the regression intercepts in this region largely result from variations in the regression slopes which respond to different weightings of the chemical and biological pathways that determine nitrate and silicic acid concentrations in the upper water column. The nitrate and silicic acid profiles in the Southern Ocean contain information on the temporal average of primary production and of nitrogen recycling up to the tlme of sample collection within the growth season. The interpretation of this information depends on the detail to which the processes that determine the water column concentrations of nitrate and silicic acid are known.
INTRODUCTION
Several studies of limited geographic extent have discussed temporal and/or spatial variations in the upper ocean relations between nitrate and silicic acid concentrations including accounts of which plant nutrient becomes unmeasurable first as the growth season progresses. The represented areas include Peru (Dugdale 1972 , Friederich & Codispoti 1981 , Northwest Africa (Friederich & Codispoti 1979 , Minas et al. 1982 , Southwest Africa (Andrews & Hutchings 1982), Southern California (Kamykowski 1974) , the Polar Front (Walsh 1971 ) and a Southern Ocean transect (Le C o n e & Minas 1983) . Except for Southern California, these locations are often characterized by silicic acid depletion in the presence of excess nitrate that is considered a consequence of diatom growth.
Zentara & Kamykowski (1977) have used a broader geographic approach to examine regional near-surface patterns in the relation between nitrate and silicic acid concentrations. Along the west coasts of North and O Inter-Research/Printed in F. R. Germany South America, silicic acid excess (i.e. the amount of silicic acid remaining in the water) at nitrate depletion generally increases with distance north of the equator and nitrate excess at silicic acid depletion generally increases with distance south of the equator. T h e major upper-ocean current systems affect the rate at which silicic acid or nitrate excess changes with latitude and the exact equatorial symmetry of these changes. Harrison et al. (1981) have refined this generalization near the equator off the coast of Peru based on nonlinear nutrient relations with depth. Zentara & Kamykowski (1981) have further examined the Southern Hemisphere nutrient patterns in the Pacific Ocean. Although South Pacific Central Water exhibits nearly simultaneous nitrate and silicic acid depletion, the water south of the Subtropical Convergence generally exhibits a potential for nitrate excess at silicic acid depletion. Unexpectedly, the waters south of the Antarctic Divergence exhibit silicic acid excess (Ross Sea Water) at nitrate depletion.
These various reports verify that upper ocean nitrate Mar Ecol. Prog. Sel (N) and silicic acid (Si) concentrations generally exhibit a complex spatial pattern in nutrient ratio (i.e. N/Si) emulating that found in the deep ocean (Sverdrup et al. 1942 , Broecker & Li 1970 . In order to further examine the near-surface pattern in the relation between these 2 plant nutrients beyond the listed local or regional observations, a generalized survey of global data bases was undertaken. The precedent for using a multi-year data base collected by diverse ships derives from descriptive physical oceanography. Warren (1981) and Worthington (1981) have discussed the power and limits of using property fields to describe water characteristics. Examples of this approach are the north-south temperature, salinity and oxygen profiles in the Atlantic by Wust (1935) and similar eastwest sections of temperature, salinity, oxygen and phosphate across the Pacific by Reid (1965) . The present paper adopts this approach and extends it through a station-by-station application of least squares linear regression analysis to the nitrate versus silicic acid data. The results of this effort provide a description of how these 2 plant nutrients CO-vary in the upper part of the world ocean. The Southern Ocean is the focus of a detailed discussion of mechanisms and implications because of its rich variability in the relation between nitrate and silicic acid concentrations and because of the downstream influence that the nutrient patterns generated in this region exercise on phytoplankton community structure (Zentara & Kamykowski 1981) .
METHODS
Data from oceanographic stations at which nitrate and silicic acid concentrations were determined in parallel were obtained from 2 sources: (1) Scripps Institution of Oceanography provided the GEOSECS data tapes (Craig & Turekian 1980); (2) the National Oceanographic Data Center (NODC) provided a complete set (including determination5 up to the mid-1970's as of fall 1981) of data tapes in Station Data I format for their 10 ocean areas. Some but not all of the GEOSECS stations were contained in the NODC data base. The data from GEOSECS or for each NODC ocean area were successively copied on disk and converted to Statistical Analysis System (SAS Institute Inc. 1982) data sets containing selected variables to 500 m depth that were appropriate to the proposed analysis. These abbreviated data sets were printed and were examined to determine selection criteria based on year of collection (only post-1962 to minimize diversity of analytical technique), salinity, depth, and nitrate and silicic acid concentrations, that would allow a representative near-surface linear regression of nitrate (y) versus silicic acid (X) to be calculated. The resulting criteria provided in Table 1 were applied to the GEOSECS and NODC data sets.
Least squares linear regressions of nitrate versus silicic acid were computed for each station. The Model I linear regression procedure was applied with the realization that both nutrients were measured with error and that the analysis was thus subject to the reservations associated with a Model I1 regression (Sokal & Rohlf 1981) . For example, the intercept and slope estimates can be biased to various degrees. Considering the characteristics of the nitrate and silicic acid data, however, a Model I approach was considered adequate to yield the broad generalizations sought in this survey. Several circumstances supported this choice. The analyzed data segments were restricted to linear relations between nitrate and silicic acid using depth and low nutrient thresholds. These linear portions generally exhibited high correlations between nitrate and silicic acid concentrations and nearly the same results for intercept and slope irrespective of whether nitrate or silicic acid was the dependent variable. The lower quality data (analytical and data entry errors) that remained in the NODC data set after the application of selection criteria could result in quite different estimates of intercept and slope when the dependent variable was reversed. The effect of this type of error was minimized by eliminating low intercepts from consideration, gathering intercepts into groups based on > 10 and > 20 PM of nitrate or silicic acid concentrations, and using the high quality GEOSECS data base as a standard against which the NODC patterns could be judged. Because of the bias in the analysis, only the strongest or the historically corroborated patterns were considered reliable. The consistency of the resulting patterns testifies to the validity of the approach.
The stations included in the final data set met 2 additional criteria based on the regression analysis: (1) a slope (AN/ASi) between 10a and 10 to eliminate negative slopes and a few (-5) unusually high slopes; (2) a standard deviation for dependent variable (sigma) between 106 and 4 to eliminate trivial regression lines (i.e. sigma = 0) and regression lines with excessive scatter. Stations with the higher values (nitrate > 10 pM N and silicic acid > 10 pM Si) of positive y or X intercepts were individually surveyed to verify that the computed intercepts and slopes reasonably represented the nitrate versus silicic acid scatter plot trends. Stations that were poorly represented by the intercepts or slopes were eliminated from the data set. A total of 217 GEOSECS stations and 11,576 NODC stations survived the criteria.
Each station was represented by an output data set that contained latitude, longitude, y intercept, slope and sigma. To this array, the X intercept was added In situations where the intercepts are projected to the y or X axis using the linear regression beyond the available data at a given station, extrapolation error may occur. Subjectively, the general linearity of the selected data in the upper water column and the general agreement of the extrapolated intercepts with those of nearby stations containing lower nutrient concentrations support the present choice of including these stations to provide a normalized baseline for inter-regional comparisons.
The station locations and the linear regression parameters are presented on Mercator or Stereographic projections generated by the Cartographic Automatic Mapping System, version IV-A (CAMIVA), used in association with World Data Bank I. In addition, the loth, 50th, and 90th percentiles are computed for 1" bands of latitude for sectors of the Southern Ocean from the South Pole to 30" S for nitrate and silicic acid concentrations and for the linear regression slopes. These results are represented by smoothed cubic fits to these percentiles drawn over latitudinal point plots of the 50th percentile. Fig. 1 shows the pattern of regression intercepts on the nitrate or silicic acid axis for the GEOSECS stations that survived the selection criteria. According to these data, the regression intercepts range between nitrate concentrations less than 5 pM N and silicic acid concentrations less than 10 pM Si over most of the world ocean except south of the southern Subtropical Convergence. As shown by Zentara & Kamykowski (1981) for the Pacific sector, the Southern Ocean north of the Antarctic Divergence exhibits a potential for nitrate excess above 15 pM N at silicic acid depletion in all sectors. The GEOSECS data does not extend far (1977) . Fig. 1 shows that high projected at nitrate depletion south of the Antarctic quality data readily suwive the applied selection Divergence (Zentara & Kamykowski 1981) . The criteria and provide a standard for the NODC data set. GEOSECS data exhibit a tendency for silicic acid Due to the limited temporal and spatial coverage of the excess north of the equator and nitrate excess south of GEOSECS data set, only the most obvious geographic the equator, but the pattern is more complex than features in the central oceans are represented. suggested by the western Pacific data discussed by Fig. 2 provides a station distribution map for the NODC stations that passed the selection criteria. The oceanic regions although some recent coastal data sets NODC station distribution is more comprehensive but (post-1975) are not included. Fig. 2 should be conis still uneven with major gaps in the South Atlantic sidered when viewing later figures to identify the and South Indian Oceans and in the Arctic Sea. The biases in the plots based on latitudinal averages and to former gap similarly occurs in the nitrate contour plots identify the gaps in the world maps resulting from in the Southern Ocean Atlas . Also, missing data. coastal regions are better represented compared to Fig. 3 summarizes the pattern of regression inter- cepts for the NODC stations in Fig. 2 that exhibit nitrate (top map) or silicic acid (bottom map) excesses (i.e. the amount of nitrate or silicic acid remaining in the water after the other plant nutrient is no longer measurable) greater than 10 PM. This presentation does not necessarily mean that each of these regions is permanently characterized by this nutrient signature but only that a certain level of nutrient imbalance has been observed at some stations occupied within the area. The designated areas can be placed in different categories. Several of the isolated stations exhibiting either nitrate or silicic acid excess may be trivial measurements based on a few divergent local stations. From north to south, these include some of the nitrate excess regions in the North Atlantic, the nitrate and silicic acid excess regions off Central America and the subtropical North Atlantic, and the silicic acid excesses off South America and off New Zealand. An examination of the data from these stations, however, did not reveal any obvious errors. They, therefore, are included for completeness but should not be emphasized until verified in future nutrient determinations. The remaining regions exhibiting either nitrate or silicic acid excess are considered more reliable based on the greater number of observations or on the corroborating literature reports previously mentioned. The abundance of silicic acid in the North Pacific is a well-known feature due to the deep water circulation patterns in the world ocean (Berger 1970) . The increased occurrence of silicic acid in Fig. 3 north of the GEOSECS stations in Fig. 1 add support to the gross nutrient patterns discussed by Zentara & Kamykowski (1977) . Silicic acid excess occurs off Southeast Asia and may be related to the high regional rainfallhiver outflow or the turbulence associated with the complex geography. Regions of nitrate excess appear related to sills (the mouth of the Sea of Okhotsk, the Bering Straits and the Denmark Straits), zones of deep convection (the Denmark Straits and the mouth of the Persian Gulf) as described by Killworth (1983) , or coastal upwelling (Peru, Northwest Africa and Southwest Africa) as discussed in Richards (1981) . The most spatially coherent and most complex region of contrasting occurrences of nitrate or silicic acid excess in the world ocean occurs south of the southern Subtropical Convergence. The continuity of the GEOSECS pattern of actual or extrapolated nitrate excess in all sectors of the Southern Ocean north of the Antarctic Divergence (Fig. 1) is confirmed. The silicic acid excess reported by Zentara & Kamykowski (1981) in the Ross Sea also occurs in the Weddell Sea. These areas correspond to regions that Killworth (1983) Shelf. The patterns of nitrate excess shown in Fig. 3 provide a coherent analysis of the regions in the world ocean where silicic acid may limit diatom growth. Zentara & Kamykowski (1977 & Kamykowski ( , 1981 have discussed the implications of silicic acid limitation for phytoplankton succession and for food web structure. The previous discussion of Fig. 3 has emphasized physical correlations with the intercept patterns. Since upper ocean characteristics are the main focus, chemical and biological processes strongly interact with the physical environment to produce the nitrate versus silicic acid signature characteristic of a given water column at a given time. Zentara & Kamykowski (1981) have discussed some of these interactions as applied to the Southern Ocean, especially in terms of a reported diatom abundance south of the Polar Front as observed in the plankton (Hasle 1956 (Hasle , 1969 or in the sediments (Sverdrup et al. 1942 ) and the decreased biogenic silica dissolution rate at lower temperatures (Lawson et al. 1978 , Kamatani 1982 . Increasing biological information from the Southern Ocean supports the development of a more detailed discussion of the complex nitrate versus silicic acid patterns that occur in this region. Fig. 4 provides a conceptual framework for more fully interpreting the intercept data in Fig. 3 in terms of processes. The intercept value on either the nitrate or the silicic acid axis depends both on the concentrations of nitrate and silicic acid at the base of the photic zone, and on the slope (ANIASi) according to which these 2 nutrients mutually decline in the upper ocean. The following discussion will examine the patterns of these 2 aspects of the nitrate versus silicic acid regression analysis in the Southern Ocean. Fig. 5 provides an enlargement of the Southern Ocean intercept patterns in Fig. 3 . The intercept ranges are further divided into subgroups (10 < nutrient < 20 PM; nutrient > 20 PM) to clarify the spatial patterns. The greatest nitrate excesses (left map) occur around the Polar Front and tend to decline toward Antarctica. This pattern of decreasing nitrate excess is continued by the occurrence of silicic acid excesses (right map) in the Ross Sea and the Weddell Sea. The amount of nitrate excess appears to decrease east of the Drake Passage. This pattern may be related to the influx of North Atlantic Deep Water east of the Drake Passage and to the transport of the resulting surface water (Pickard 1963) to the east as the Circumpolar Current progresses around Antarctica. A more detailed discussion of meridional influences, however, requires a more refined temporal and spatial (especially with depth) analysis than is presently available. The 2 sectors radiating from the Ross Sea and the Weddell Sea were selected for percentile analysis of latitudinally grouped data. To further minimize the spatial and temporal variability affecting the latitudinal groupings, the data considered within each sector were limited to that collected from the upper 100 m of the water column from January through March. 
RESULTS AND DISCUSSION

LATITUDE LATITUDE
silicic acid concentration undergoes a rapid decline with decreasing latitude between 65 and 55" S, and nitrate concentration undergoes a more gradual decline with decreasing latitude between 65 and 40" S. The silicic acid decline levels off north of the Polar Front and the nitrate decline levels off north of the Subtropical Convergence. The 100 m depth limit applied to the data in Fig. 6  and 7 was selected as sub-euphotic zone and as a compromise estimate of the depth of vertical winter mixing of surface waters. This latter estimate is based on the observation by Gordon (1971) that the 90 % oxygen saturation level, a measure of the base of free vertical convection, rarely exceeds 200 m south of the Polar Front and is less than 100 m in the stable surface waters of the southern section of the Southeast Pacific Basin and the northern Weddell Sea. With these assumptions in mind, the 90th percentiles in Fig. 6 and 7 , as a measure of the nutrient concentrations at 100 m in January to March, represent the nitrate and silicic acid concentrations throughout the euphotic zone at the beginning of the growth season (Jennings et al. 1984) . Fig. 8 shows the loth, 50th, and 90th percentiles of the latitudinally grouped log slopes for the Ross Sea and Weddell Sea sectors. The slopes tend to increase somewhat to the south of 60"s and to increase significantly to the north of 60"s. Log slopes south of 60 "S are generally less than 0 and log slopes north of 50"s are generally greater than 0. Fig. 9 combines the 90th percentile of nutrient concentrations from Fig. 6 and ? with the 10th and 90th percentiles of slopes from Fig. 8 for selected latitudes to form a representative envelope of regression relations and resulting intercepts for the 2 sectors. South of 60's the intercept changes primarily result from changing slopes in the nitrate versus silicic acid relation. North of 60°S, both latitudinally changing nutrient concentrations at the base of the euphotic zone and changing slopes affect the intercept values.
Since the slope of the nitrate versus silicic acid regression is a dominant variable contributing to the intercept patterns in the Southern Ocean, Fig. 10 depicts the geographical pattern of the slopes south of 30"s. For the region south of 60°S, intercepts on the silicic acid axis generally result from log slopes greater than -0.5 (symbol 0) and intercepts on the nitrate axis generally result from log slopes less than -0.5 (symbol X). The elucidation of the pattern of log slopes shown in Fig. 10 requires a consideration of the various biological and chemical processes that determine the measured concentrations of nitrate and silicic acid within the euphotic zone throughout the growth season. Fig. 11 summarizes various processes that affect nitrate and silicic acid concentrations. Although this same simple flow diagram could apply to any latitude, the following discussion will emphasize these pathways as they relate to Southern Ocean dynamics south of the Polar Front. This focus is based on the continuous presence of nitrate and silicic acid in the euphotic zone throughout the growth season in most regions south of the Polar Front. After the depletion of nitrate or silicic acid in the water column, many of the processes depicted in Fig. 11 no longer leave a record in the nutrient profiles. The numbers in parentheses in the following discussion refer to corresponding numbers in Fig. 11 .
Toward the beginning of the growth season at a given geographic location (or for a dynamically continuous band relative to the Polar Front) in the Southern Ocean, nitrate and silicic acid are at their highest seasonal concentrations (1) throughout the euphotic zone. Initial growth (2) by various phytoplankton classes utilizes the available nitrate as the nitrogen source and diatoms additionally take up some of the available silicic acid. Sakshaug & Holm-Hansen (1984) have noted that fairly large centric diatoms or chains of them or colonies of the haptophyte Phaeocystis pouchetii usually dominate pelagic blooms south of the Polar Front and that nanoplankton may constitute more than 50 % of the phytoplankton biomass under the more common non-bloom conditions. Assuming that a progression from a diatom bloom to a non-bloom with less diatom representation is a normal occurrence, then the character of the nitrate and silicic acid profiles may be determined by the nitrogen sources available at the time of the diatom bloom. Antarctic diatoms are believed to utilize nitrogen and silicon in an atom ratio (3) of about 1 N to 2 or 3 Si (Jennings et al. 1984 , Sakshaug & Holm-Hansen 1984 . This diatom uptake ratio based on nitrate and silicic acid corresponds to log slopes of -0.3 to -0.5 such as those that occur in some parts of the Ross Sea and Weddell Sea in association with silicic acid intercepts. Jennings et al. (1984) have argued that the silicic acid profile corrected for biogenic silica dissolution can be used in the Weddell Sea to estimate diatom production if winter water silicic acid concentrations are known. The development of a grazing community at high latitudes (4) may be rapid as in the North Pacific or may occur after a time lag as in the North Atlantic (Heinrich 1962) . Furthermore, the grazing community may develop at different rates for different components of the phytoplankton community distinguished by class or size. The grazing community can significantly affect how the relation between nitrate and silicic acid develops as the growth season progresses (Le Corre & Minas 1983) . For silicic acid, diatom skeletons may sink from the euphotic zone (5) as whole cells, cell fragments or in fecal pellets depending on how the phytoplankter dies and how it is mechanically or chemically treated at death. The sinking rates of these different particles can range over several orders of magnitude. For whole phytoplankton, Smayda (1970) has shown that growing cells sink more slowly than senescent cells and that cells with diameters from 1 to 1000 pm respectively sink from 0.01 to 100 m d-l. Representative fecal pellets from copepods and euphausiids sink at sizedependent rates from 10 to 1000 m d-' (Komar et al. 1981) . These various sinking rates interact with vertical water motion (Titman & Kilham 1976) to determine the residence time of detrital biogenlc silica in the euphotic zone. The dissolution rate of detrital biogenic silica (6) depends on the diatom species, particle surface area (feeding breakage), chemical exposure (i.e. acid in grazer guts), and temperature (dissolution rate increases 2.27 X per 10 C") (Kamatani 1982) . Net particle sinking rates and detrital biogenic silica dissolution rates interact to yield the silicic acid renewal that characterizes a geographic region. In the Southern Ocean where euphausiid fecal pellets sink rapidly and cold temperatures depress the dissolution rates of biogenic silica, Nelson & Gordon (1982) have estimated that only about 30 to 40 % of the biogenic silica fixed in the euphotic zone dissolves in this layer. For nitrate, grazers sequester a portion of the nitrogen from their food into their biomass and excrete (7) a portion in feces and urine in reduced forms (i.e. ammonia). The release of the feces nitrogen to the euphotic zone depends on the interaction between net particle sinking rates, and on the bacterial decomposition rates within and diffusion rates from the fecal pellet. The release of the more significant urine (or metabolic) nitrogen depends on the grazer population density, grazer metabolic rates and the residence time of the grazers in the euphotic zone. El-Sayed (1984) has described the profound effect that grazing by krill can have on the phytoplankton standing crop. Significant ammonia release can result from such intense grazing. Also, Sakshaug & Holm-Hansen (1984) have reported that about a third of the nanoplankton biomass consists of heterotrophic organisms that can contribute to the flux of ammonia. Since marine nitrifying bacteria are photoinhibited at light intensities above 1 % sunlight, released ammonia is not readily converted to nitrate in the euphotic zone (Olson 1981) . Since phytoplankton generally prefer ammonia over nitrate as a nitrogen source (McCarthy 1981) , a sufficient flux of ammonia into the euphotic zone due to rapid development of a grazing community may support silicic acid utilization by diatoms (8) with little corresponding nitrate utilization. As shown in Fig. 11 , the ammonia source for the diatoms may come from grazing on either diatoms or non-diatoms. In the Southern Ocean, Olson (1980) , Koike et al. (1981) , Glibert et al. (1982) and HolmHansen et al. (1983) have observed that ammonia accounts for 40 to 85 % of the utilized nitrogen in the euphotic zone. Since nitrate and silicic acid generally do not deplete over most of the growth season south of 60°S, the nitrogen recycling throughout the water column is continuously recorded in the relative utilization of nitrate and silicic acid as long as significant diatom activity occurs in the water column. As the bloom ends and diatoms become smaller and rarer, they may no longer dominate the nitrogen uptake, and silicic acid concentrations decrease more slowly. If nitrate is the dominant nitrogen source under non-bloom conditions, nitrate concentration probably declines very slowly due to relatively low rates of primary production that occur in non-bloom conditions (Sakshaug & Holm-Hansen 1984) . Ammonia, however, is more likely to be the dominant nitrogen source under nonbloom conditions due to rapid nitrogen recycling among the nanoplankton (Glibert et al. 1982) . This situation will further retard additional changes in nitrate concentration. The conceptual framework in Fig. 11 assumes that vertical mixing does not change the euphotic zone signature of nutrient uptake during the growth season. In summary, if nitrate is the dominant nitrogen source during a diatom bloom in the Southern Ocean, nitrate concentrations will decline in association with silicic acid in a way that is balanced against the uptake ratio of N to Si by diatoms and by the biogenic silica dissolution rate. If ammonia is the dominant nitrogen source in a diatom bloom in the Southern Ocean, nitrate concentrations will decline more slowly than expected from the uptake ratio of N to Si by diatoms and from a consideration of the biogenic silica dissolution rate (Glibert et al. 1982 , Le Corre & Minas 1983 . Fig. 12 demonstrates this effect by comparing 2 cases with different percentages of ammonia contribution (40 and 85 %) to the nitrogen utilized by the diatoms. Both cases assume that 31 pM nitrate and 78 pM silicic acid initially occur throughout the euphotic zone, that diatoms are the only phytoplankton, that they require 1 nitrogen atom for every 2.5 silicon atoms (Jennings et al. 1984) , that 30 % of the biogenic silica dissolves in the euphotic zone (Nelson & Gordon 1982) and that nitrate is not regenerated in the euphotic zone (Olson 1981) . Vertical mixing is not considered in order to emphasize the biological effects. Each case begins with the first 10 p. M of upper euphotic zone silicic acid requiring 4 pM of upper euphotic zone nitrate. Subsequent silicic acid utilization throughout the euphotic zone is supported by either 40 or 85 % ammonia. These cases emphasize the sensitivity of the silicic acid versus nitrate regression lines (intercepts and slopes) to diatom growth and nutrient regeneration in the region south of the Polar Front. The intercepts under 40 % ammonium utilization tend to fall on the silicic acid axis and intercepts under 85 % ammonium utilization tend to fall on the nitrate axis. In these sample cases, silicic acid changes in the water column record diatom growth and the corresponding nitrate changes record nitrogen recycling as recently discussed by Jennings et (1984) in the Weddell Sea. The cases also demonstrate that the intercepts and slopes under a given set of diatom growth and nutrient recycling conditions change with time. As the growth season progresses, the effect of the nutrient recycling becomes more dominant. The successive slopes of the family of regression lines in either case provide an estimate of the average amount of nutrient recycling that has occurred in that water column up to the time when the nutrient profile is determined. The final slopes (log slopes) in each case are, respectively, 40% : 0.36 (-0.44); 85 % : 0.13 (-0.89). Adjusting the final slopes for N/Si uptake ratio and biogenic silica dissolution yields average ammonia contributions of 37 and 77 % respectively. Recall that this estimate includes the initial phytoplankton growth on nitrate as the sole nitrogen source that initiated each case. The inclusion of non-diatom nutrient uptake would contribute to the underestimation of nutrient recycling, as nitrate is utilized independently of silicic acid. The previous discussion demonstrates that the patterns in Fig. 5 and 9 can be used to examine nitrogen recycling south of the Polar Front. A static interpretation of the patterns suggests that nitrogen recycling is very important to phytoplankton growth in the Southe m Ocean especially near the Polar Front (Sakshaug & Holm-Hansen 1984) and less important towards the ice edge or the Antarctic continent in agreement with Biggs et al. (1983) . This latitudinal gradient, however, can also be interpreted in terms of growth season maturity as demonstrated by the time course of the nutrient profile development in Fig. 12 . This means that early growth season measurements just south of the Polar Front may not exhibit such extreme values of nitrate excess as may be observed later in the growth season. North of the Polar Front, the decrease in silicic acid concentration and the scarcity of diatoms in the phytoplankton community (Hasle 1956 (Hasle , 1959 contribute to increasing nitrate versus silicic acid slopes and decreasing nitrate intercepts in Subantarctic Surface Water (Fig. 5 & 10) .
The application of the processes in Fig. 11 to nitrate versus silicic acid relations in other parts of the world ocean ( Fig. 1 & 3) requires regional evaluations of how to weight the various pathways. One dichotomy that clearly must be considered is the distribution of nitrate and silicic acid concentrations relative to the euphotic zone. Regions where detectable concentrations of nitrate and silicic acid occur within the euphotic zone such as high latitudes or many coastal regions (especially upwelling zones) have nutrient profiles that are affected by light availability, proximate phytoplankton growth and ammonia uptake interactions. Regions where detectable concentrations of nitrate and silicic acid occur primarily below the euphotic zone have nutrient signatures that are derived in low light and removed from phytoplankton growth and from ammonia uptake interactions (Harrison 1980) . The weighting of the processes in Fig. 11 is obviously different in these 2 cases. Other variables like the diatom contribution to the phytoplankton community, diatom uptake ratios of N/Si, the temperature kinetics of biogenic silica dissolution and density dependent sinking rates of particles provide additional complexities.
CONCLUSIONS
Nitrate and silicic acid concentrations in the upper world ocean exhibit a pattern that results from the nutrient character of the water transported into a region as a result of deep and surface circulation and from the local weighting of various biological and chemical pathways. Several regions exhibit silicic acid depletion that can inhibit diatom growth in the presence of excess nitrate. In the Southern Ocean south of the Polar Front, upwelling and convection combine to maintain high, spatially uniform, winter surface nutrient concentrations in the circumpolar flow. Large, occasionally dominant diatom populations, slowed biogenic silica dissolution rates due to cold temperatures, and variable but often significant ammonia availability due to grazing activity in the presence of high nitrate concentration combine to yield diverse nutrient signatures as the growth season matures at a geographic location. The slopes of the nitrate versus silicic acid regression relations for a given time and place are influenced by the average amount of nitrogen recycling to that point in the growth season. The ability to extract this information on nitrogen recycling from a given nutrient profile depends on how well the total phytoplankton nitrate uptake is represented by silicic acid uptake during the growth season. Available data suggest that the slopes of the nitrate versussilicic acid regression lines are useful for monitoring nitrogen recycling. The Southern Ocean south of the Polar Front exhibits a symmetrical circumpolar pattern in nitrate and silicic acid relations possibly based on growth season maturity but is geographically distorted by land masses, deep water circulation and surface currents. The interpretation of nitrate and silicic acid profiles in other regions of the world ocean requires a detailed analysis of the chemical and biological pathways that influence these nutrients.
